In the present work, numerical simulations are performed to study heat transfer characteristics and fluid flow around elliptic tube heat exchanger. The results for heat transfer coefficient between immersed inline and staggered bundles of horizontal smooth tubes and air-fluidized bed of pulverized coal, d p = 2 mm, are reported within the range of fluidization number, U sup / U mf , ranges from 1 to 1.4. Heat transfer as well as multiphase flow dynamics in fluidized bed is modelled using the Eulerian-Eulerian and the Two-Fluid Model (TFM) with Kinetic Theory of Granular Flow (KTGF) to describe the granular flow characteristics of the solid phase. The average heat transfer coefficient for the present work is compared with that obtained from the well-known correlation of circular cylinder and a noticed improvement is observed. It is noticed that, the average Nusselt number increases with fluidization number. Also, it is noticed that, the average Nusselt number in case of staggered tubes bundle is higher than the case of inline tubes bundle. The inline tube bundle has lesser pressure drop than the staggered tube bundle.
NOMENCLATURES

INTRODUCTION
CFD simulation is used as a tool to demonstrate the newly developed scale-up methodology for fluidized beds besides characterize the effect of various operating and design parameters on the bed hydrodynamics. Masoumifard et al. [1] verified experimentally and numerically the impact of particle size, gas velocity and axial position on heat transfer coefficient between horizontal tube and fluidized bed. The results showed that, the heat transfer coefficient increased with the increase of superficial gas velocity to a maximum value then it slightly decreased. Also, the heat transfer coefficient decreased with the increase of particle size. While, the heat transfer coefficient was not affected with tube position. Yusuf et al. [2] simulated the heat transfer from horizontal square tubes to bed using 2-D Eulerian-Eulerian for 0.2 m/s and 0.6 m/s gas velocity and 0.1 MPa and 1.6 MPa operating pressure. Hou et al. [3] investigated experimentally and theoretically the effect of meso-scale structure on gas-solid mass transfer in a circulating fluidized bed (CFB). It is concluded that, the moving particle clusters play an important role in the gas-solid momentum transfer and mass transfer in CFBs. Mathiesen et al. [4] studied experimentally and computationally the flow behaviour in a cold flow CFBR. The model based on a Eulerian approach with kinetic theory for granular flow. Kuipers et al. [5] developed a gas-fluidized bed model based on "two-fluid model", TFM. Pressure, porosity, fluid and solid temperatures, and fluid and solid velocities were measured by computer. Perrone and Amelio [6] studied heat transfer and hydrodynamics for a heated wall to a bed using Eulerian-Eulerian approach combined with KTGF. Yusuf et al. [7] applied in-house code FLOTRACS-MP-3D, Eulerian-Eulerian approach to verify wall-to-bed heat transfer. Teaters [8] used a Eulerian-Eulerian and MFM with granular kinetic theory to predict the gas-solid hydrodynamics of fluidized beds. The study is conducted to find the best modeling approach to accurately predict pressure drop, minimum fluidization velocity, and void fraction in the bed. It was found that, the best experimental modeling approach to capture physics of biomass bed is by correcting the amount of mass presented in the bed to match how much material truly fluidized, whereby the static bed height of the system was altered. Modeling was carried out with/ without turbulence, to show the effect of turbulence on 2-D simulations. Gomes et al. [9] and [10] used the Two-Fluid Granular Temperature Model (TFGTM) to investigate the heat exchange in the bubbles' wake by tracking the train of raised bubbles along the heated wall. Armstrong et al. [11] applied TFM, Eulerian-Eulerian with the KTGF to study the heat transfer from a heated single, double and triple immersed tubes. It is concluded that heat transfer and flow enhanced with the increasing of the number of heated tubes. Glicksman [12] applied a new model to account conduction and radiation interactions between cluster elements at different distances from the wall. The results were compared to several mechanistic models and substantial discrepancies were found. Gan et al. [13] used CFD-DEM (Eulerian-Lagrangian approach) to study heat transfer behaviour in fluidized beds containing ellipsoidal particles. Samuelsberg and Hjertager [14] studied experimentally and numerically the axial particle velocity component in a fluidized bed circulating at three different superficial gas velocities by using a 2-D Eulerian-Eulerian combined with KTGF approach.
CFD SIMULATION
As reviewed in literature, the most common used approaches to model gas-solid flows by using CFD are Eulerian-Lagrangian and Eulerian-Eulerian. The first approach requires a large size of memory and consumes long time in calculations. This is because of the large number of individual particles in fluidized beds therefore computational cost with this approach can be overwhelming. On the other hand, the second approach requires less memory and less computational time to complete calculations. In the Eulerian-Lagrangian approach, the dynamics of each particle or parcels of particles are solved. The effects of particle collisions and particle/fluid interactions are taken into account. In the Eulerian-Eulerian approach, all the phases are considered to be continuous. The presence of each phase is defined by a volume fraction. All phases are described in terms of separate conservation equations.
Eulerian-Eulerian methods are faster for large number of particles than Eulerian-Lagrangian methods, but require the formulation of constitutive equations.
Consequently, in the present study the Eulerian-Eulerian multiphase model with kinetic theory of granular flow (KTGF) is adopted to investigate heat transfer characteristics and flow patterns in gas fluidized beds.
GOVERNING EQUATIONS
CFD ANSYS Fluent 14.5 Eulerian-Eulerian multiphase model is applied for simulation of a 2dimensional bed containing pulverized coal particles of mean diameter, 2 mm, while the gas moves upwardly in the bed. To predict the bed hydrodynamics, air is considered the primary phase while pulverized coal is considered secondary or dispersed phase. The particles are assumed as a continuum phase so kinetic theory of granular flow (KTGF) is applied. The conservation equations for gas and solid phases are given below.
Volume Fraction Equation
ε + ε = 1
Conservation of Mass
Gas:
where , ρ and v are the volume fraction, density and local velocity, respectively
Conservation of Momentum
Where K gs is the gas-solid momentum exchange coefficient, p is gas phase static pressure, p s is solid pressure, g is gravity acceleration and τ . is stress tensor.
The stress tensors
Where μ , μ and μ are granular bulk, gas and solid viscosities, respectively.
Conservation of Energy
Where H and H are specific enthalpy, K and K are effective thermal conductivity for gas and solid phases and h is the heat exchange between the gas and solid phases, respectively.
CONSTITUTIVE EQUATIONS USED TO CLOSE THE GOVERNING EQUATIONS
To close the conservation equations associated with solid phase, the viscosity, pressure and stresses of the solid phase are modelled by the kinetic theory of granular phase (KTGP). In this theory, the mean square of the random particle velocity is defined as the granular temperature (θ s ). Thus the solids viscosity and the solids stress are correlated by a function of the granular temperature.
Syamlal O'Brien drag model
The fluid-solid exchange coefficient K_gs can be written in the following form:
All definition of includes a drag function, CD, that is based on the relative Reynolds number (Re s ). To introduce the interphase momentum exchange, the drag function proposed by Syamlal O'Brien drag model is used:
for ε ≤ 0.85
Kinetic Fluctuation Energy
Where −ρ I ̅ + τ : ∇. v ⃗ is the generation of energy by the solid tensor, K θ ∇θ is the diffusion of energy while the term of K θ is the diffusion coefficient, γ θ is the collisional dissipation of energy, g is the radial distribution function, and ∅ is the energy change between the gas or solid and solid phases. 
Solid Shear Viscosity
Where θ is the granular temperature, g o is the radial distribution function, and e is the restitution coefficient. The radial distribution function g o is related to probability of collisions between grains when the solid granular phase becomes dense. The restitution coefficient e is proportional to the energy loss in particle-particle collision. Its value is unity and zero for elastic and in-plastic collisions, respectively. The value of 0.9 was chosen in this study.
PARTICLE PHASE BOUNDARY CONDITIONS
Velocity
In ANSYS FLUENT, the granular velocity according to the fluctuating motion of particles can be evaluated using:
Granular Temperature
The granular temperature, θ s is proportional to the kinetic energy of the fluctuating motion of particles. In ANSYS FLUENT a default value of 0.9 for,θ s , is used and can be adjusted to go with the type of particle.
MODEL SET-UP
The phase coupled simple algorithm along with second order upwind scheme was used to solve the transport equations using the finite volume approach. 2-D rectangular computational domain is chosen to simulate the fluidized bed to reduce the solution time. The mesh display is shown in Fig. 1 and the problem description with the other boundaries is shown in Fig. 2 . The gas phase is considered no-slip condition while the solid phase, Geldart D [15] , is allowed to slip partially on walls. Gas and solid phases are set to atmospheric temperature of 25°C. The wall flux of the heating tube is assumed constant at 13.3 KW/m 2 . The simulations were performed for 24000 time steps with a time step size of 0.00025 s to ensure quick convergence with a maximum of 20 iterations per time step and the simulation was run for 6 s of real time. More details for the numerical parameters that are used in the simulation are summarized in Tables  1 and 2 . Multiphase Eulerian Eulerian approach, treating the coal particles as granules was used to simulate the flow. The Syamlal O'Brien drag model [16] is used to model the interaction between these phases. The transient computational model was created in CFD software, FLUENT 14.5. To perform grid sensitivity analysis and obtain optimum accuracy and computational time, grid sizes of 1 mm, 2 mm, and 5 mm are examined in the present work. A uniform mesh has been generated as shown in Fig. 1 . Structured meshing method is used for meshing the geometry. In the present study, quadrilateral cells are used to mesh the general area of the column with a uniform cell size of 2 mm. The cell size in the region near the heated wall varied from 0.02 mm to 2 mm within increasing factor of 1.22 from the heated wall to obtain the local temperature gradients.
Model Verification
The work of Kuiper et al. [17] yields the ability to provide detailed information on the timeaveraged wall-to-bed heat-transfer coefficient by applying the penetration theory proposed by the author, h av , as a function of time, t p , for an incipiently air-fluidized bed. He proposed a correlation which can be considered for many purposes to get the average heat transfer coefficient h av during a certain contact time t P , as:
This correlation proves its usefulness and distinguishes itself advantageously from previous theoretical models. Fig. 3 shows the evolution of the averaged wall-to-bed heat transfer coefficient, h av , profile through the bed of the particle phase at several instances in time at approximately 0.24 m above the gas distributor. Prior to time-averaging, the average instantaneous heat transfer coefficient is calculated by applying the previous correlation. The prediction according CFD model is included in the same figure. Comparison shows very well agreement between numerically predicted heat transfer coefficients and data obtained applying simple penetration theory resulting in equally good correspondence. From this test (among others not reported here), it can be concluded that the CFD code contains no major errors and is well verified.
RESULTS AND DISCUSSION
In this section, the results of the numerical simulation are presented and the main features of the fluidized bed heat exchanger are discussed. The heat transfer rate from the tubes bundle to the fluidized bed is found to be affected by different parameters. 
Heat Transfer
Effect of fluidization number, (U sup /U mf ), on the average Nusselt Number at different fluidization number, for inline and staggered tubes bundles are shown in Fig. 4. Figure shows that, the average Nusselt Number increase as (U sup / U mf ) increase, for all cases. The heat transfer rate between the tube and the fluidized bed is found to be a function of solid holdup and particle residence time at the tube surface, i.e. high Nu av can be obtained at short contact time of particle at the tubes surface [18] . It is also found that the average Nusselt number for staggered tube bundle is higher than one that is inline tube bundle. The predicted values for average Nusselt numbers are compared with that obtained from Ainshtein et al [19] correlation for circular tube and reasonable agreement is noticed. 
Also, it is observed that the Nusselt numbers in cases of elliptic tubes bundles have higher rates than that of circular tubes bundles. This may be attributed to the lesser region of motionless material for the elliptic than for the circular tube. Therefore, the part of the surface washed by the stream is greater for the elliptical tube than for the circular one, and so heat transfer is more effective and uniform [20] . 
Volume Fraction of Solid
Fig . 5 shows the variation in the bed profile, solid volume fraction, with time through the 6.0 seconds at 0.42 m/s air velocity. The colour scale given to the right gives the value of volume fraction corresponding to the colour. The fluidized bed profile changes with time till there is no significant change in bed profile, at which it is considered that the fluidized bed reached to a quasi-steady state. It is observed that, a collection of air bubbles below the first row of tubes is formed at the air inlet. Tubes break up the bubbles to small bubbles ascend from the domain inlet through the bed with time. This prevents the coalescence of large bubbles resulting in a low bed height expansion. Whilst, the small air voidage under the tubes continue up to blanket below each tube of the bundle. At 0.5 S, this small voidage dispersed leaving the tube and raise up through the bed whilst the larger bubble involves the tube and begins to coat the tube. As expected, the presence of bubbles within the bed cause a higher in bed height expansion which is seen in Fig. 4 at 0.25-2 S.
Velocity Vectors
The velocity vectors are helpful in determining the flow patterns through the fluidized bed. Figs. 6 and 7 show the velocity vectors of air and solid (pulverized coal) through the column that are obtained at minimum fluidization velocity for initial static 0.25 m bed height and particles of 2 mm diameter size after the quasi steady state has been achieved. Fig. 6 shows the velocity vectors of air through the column. It is noticed that the vectors are always in an upward direction. Also, it is seen that the air velocity is higher in the fluidized section of the bed compared to the part of the column which contains no solids. This is because of the less space available for the air to flow between the bed particles and the tubes. Fig. 7 shows the velocity vectors of solids, it is evident that, there is a small length vigorous movement of the solid particles at the bottom part of the bed. At the upper part of the fluidizing section, it is seen that there is a circulatory motion of the particles with movement in the downward direction near the wall while in the upward direction at the central zone.
Pressure Drop
Comparison between the predicted values of static pressure drop through the bed versus the fluidization number for inline and staggered tubes bundles are shown in Fig. 8 . It shows that, the predicted static pressure drops through the bed for both cases are nearly unchanged with the fluidizing number, (U sup /U mf ). This is due to the increase in bed voidage i.e. the gap between the particles is increased. The particles are in suspended condition and air flows freely between the particles. The staggered tubes bundle has higher values of pressure drop than inline one. This may be attributed to the more resistance applied to particles to move or because of the higher velocity which directly causes a higher pressure drop. linked to the bed hydrodynamics around the tubes. It is noticed that, the average Nusselt number in case of staggered tubes bundle is the highest whenever it compared with the case of inline tubes bundle. The inline tube bundle has lesser pressure drop than the staggered tube bundle.
